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SPECIFICATION 

Electronic Version 1.2.8 
Stylesheet Version 1 .0 

[Displacement Measuring System 

and Method] 

Cross Reference to Related Applications 

This invention claims benefit of provisional U.S. Application Serial No. 60/369,1 34, 
filed on April 1, 2002. 

Background of Invention 

[0001] This invention relates to techniques for measuring a displacement using a 

magnetic field source and a sensor disposed within the magnetic field. The invention 
is applicable in any field permitting the generation of a magnetic field and the taking 
of measurements as specified herein. Though not limited to any specific field, the 
invention has particular use in subsurface measurements. 

[0002] 

Accurate borehole dimension data are important for both the measurement of 
earth formation parameters penetrated by the borehole and completion of the well 
after drilling. Borehole dimension data from successive trips in the borehole can be 
used to monitor wellbore conditions such as early indications of borehole washout 
and impending wellbore instability. Information regarding dimensions can allow a 
driller to take remedial actions during the drilling operation to prevent damage loss of 
the borehole or drilling equipment. As shown in Figure 1 , once a borehole is drilled to 
the desired depth, it is typically "completed" with a steel casing (1) around which 
cement (2) is pumped thereby filling the casing-borehole annulus. Information 
regarding the dimension of, for example, the radius of the borehole is very useful in 
determining completion requirements, such as the amount of cement required to 
properly fill the annulus. Also, prior art logging-while-drilling (LWD) or measurement- 
while-drilling (MWD) systems, like their wireline counterparts, are sensitive to 
borehole size. Accurate dimension information is required to properly correct 
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parametric measurements from these systems. Measuring the dimensions of a 
borehole, such as its radius, can be accomplished by several methods. U.S. patent 
6,285,026 issued to Evans et al . is directed toward the determination of radial 
dimensions of a borehole by irradiating the formation with neutrons and measuring 
the neutron flux within the borehole. 

[0003] Also known in the art are systems that measure the diameter of a borehole with a 
caliper tool, which uses a sensing element such as a potentiometer. Typically, these 
devices use spring-loaded arms to contact the borehole wall. The arms are connected 
to one or more elements of a potentiometer for determining the instantaneous 
borehole diameter. These types of caliper systems, because they are exposed to harsh 
downhole conditions, require pressure bulkhead and pressure sealing components to 
protect their parts. 

[0004] There remains a need for improved borehole measurements techniques and tools 
that can better withstand the downhole environments. 

Summary of Invention 

[0005] The invention provides an apparatus for measuring a radius of a hole. The 

apparatus includes a support member having at least one arm, each at least one arm 
having a first end and a second end, the first end attached to the support member; a 
magnet moveably attached to the support member via the second end of each at least 
one arm; and a first magnetic sensor fixed to the support member for measuring a 
magnetic field of the magnet. 

[0006] The invention provides a downhole tool for measuring a radius of a borehole. The 
tool includes a housing having an exterior surface and an interior; at least one arm, 
each of the at least one arm having a first end and a second end, the first end 
attached to the exterior surface of the housing; at least one magnet moveably 
attached to the exterior surface of the housing and each at least one magnet attached 
to the second end of each at least one arm; and a first magnetic sensor, fixed in the 
interior of the housing for measuring a magnetic field of the at least one magnet. 

[0007] j nvention provides a method for measuring a displacement. The method 

includes generating a magnetic field using a magnetic field source; measuring a first 
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magnitude of a component of the magnetic field using a sensor disposed within the 
magnetic field; displacing the magnetic field source; measuring a second magnitude 
of the component of the magnetic field using the sensor; determining a distance that 
the magnetic field source is displaced using the first magnitude and the second 
magnitude. 

Brief Description of Drawings 

[0008] Figure 1 is a plain view of a borehole (Prior art). 
[0009] Figure 2 is a plain view of a magnet. 

[001 0] Figure 3 is a plot of component B of the magnetic field versus coordinate x. 

[001 1] Figures 4a-4c illustrate a method for measuring displacement in accordance with 
one embodiment of the invention. 

[001 2] Figure 5 is a plane view of a displacement measuring system according to one 
embodiment of the invention. 

[001 3] Figure 6 is a plane view of a displacement measuring system according to one 
embodiment of the invention. 

[001 4] Figure 7 is a plane view of a displacement measuring system according to one 
embodiment of the invention. 

[001 5] Figure 8 shows an apparatus for measuring hole size in accordance with one 
embodiment of the invention. 

[0016] Figure 9 shows an apparatus for measuring hole size in accordance with one 
embodiment of the invention. 

[001 7] Figure 1 0 shows a downhole tool in accordance with one embodiment of the 
invention. 

Detailed Description 

[0018] 

The invention relates to methods and apparatuses for measuring dimensions 
and/or displacements. Methods for measuring displacements in accordance with the 
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invention are based on measuring at least one component of a magnetic field and 
determining the location where the measurement was made. The determination of the 
location where the measurement was made can be accomplished by using a graph 
which shows the value of the magnetic component value at any location within the 
magnetic field. 

[0019] A method according to an embodiment of the invention comprises providing a 
magnetic field source; measuring at least one component of the magnetic field at a 
location within the magnetic field of the magnetic field source; displacing the 
magnetic field source to a new location; measuring the at least one component of the 
magnetic field using the same sensor with the magnetic field source at the new 
location; and determining a distance that the magnetic field source is displaced. The 
distance that the magnetic field source is displaced may be derived from the points 
having the measured magnitudes of the corresponding magnetic field component in a 
graph that relates the magnitudes of the magnetic component at any magnetic field 
source location with respect to the sensor. 

[0020] As shown in Figure 2, a magnet produces a magnetic field, which can be 

represented by lines of magnetic flux (4). The magnitude of the magnetic field at each 

point on a specific line of flux (4) is constant and can be represented by a vector of 

the form 8= B x + B y + B z . In Figure 2, the z component of the magnetic field 
x y z 

is not shown. As shown in figure 2, the magnitudes of the magnetic field components 

(B and B ) vary depending on their specific locations on the specific line of 
x y 

magnetic flux (4). For example, in Figure 2, point A has a negative B magnitude, 
point B has a zero B magnitude, and point C has a positive B magnitude. Therefore, 

y y 

if a correlation function of, for example, B magnitudes and x coordinates is 

y 

available, it is possible to determine the magnitude of B at any location along the x 
coordinate, and vice versa. 

[0021] 

Figure 3a shows a response curve of B ^ components as a function of x 
coordinates on the line of magnetic flux (4) shown in Figure 2. The corresponding B 
values at points A, B, and C on the line of magnetic flux (4) are also shown. It is 
apparent that once this curve is defined, the curve can be used to provide an x 
coordinate on the line of magnetic flux (4) based on a B measurement or to provide 
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a B magnitude based on an x coordinate on the line of magnetic flux (4). If one were 

y 

to move the sensor or to move the magnet along a line parallel the x coordinate, the 
sensor will not stay on a single line of magnetic flux. However, a similar response 
function of B magnitudes as a function of x coordinates can be constructed and 

y 

in a similar fashion. 

[0022] While embodiments of the invention can use non-linear functions as shown above, 
in preferred embodiments, displacement measurements are performed within a linear 
response region of the curve shown in Figure 3a. For example, within a small range 
around point B the curve is approximately linear, as evidenced by the dotted line 1 . 
Thus, if a displacement to be measured is within this range, a linear response may be 
assumed. In addition, more than one magnet may be used to "fine tune" the magnetic 
field such that the sensors will measure a linear response over wider ranges of 
displacement. One of ordinary skill in the art would know how to use multiple 
magnets for such a purpose. Similarly, a linear response over wide ranges of 
displacement may be obtained by optimizing the shape of a magnet. 

[0023] Figure 3b illustrates a linear correlation function between B ^magnitudes and x 
coordinates. The linear function can be defined by taking two measurements at two 
different locations. The two measurements can also be obtained by using two 
magnetic sensors spaced apart at a known distance. The slope of the line would then 
be directly related to the difference in the measurements detected by these two 
sensors. Therefore, any change in the slope of this response function (e.g., due to 
changes in the magnetic field strength) can be detected as a change in the difference 
in the measurements detected by these two sensors. Thus, in one or more 
embodiments of the invention, two magnetic sensors are provided to correct for any 
magnetic field strength changes. 

[0024] 

While the correlation function shown in Figures 3a and 3b is based on a single 
component (e.g., B ) of a magnetic field, one skilled in the art would appreciate that 

y 

more than one component may be measured and similar correlation functions can be 

constructed. In addition, with two components (e.g., B and B ), the ratio of these 

x y 

two components may be used to construct the correlation function, i.e., B /B 

x y 

versus x coordinates. Using the two components (or the ratio of the two components) 
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makes it unnecessary to use two sensors at two different locations. The two 
components may be acquired with two. sensors at the same location but oriented in 
orthogonal directions or with a sensor having dual coils in orthogonal directions. This 
eliminates the physical constraint in finding two linear response regions for the two 
sensors. In addition, correction for magnetic field strength changes becomes 
unnecessary when using a ratio of two components measured at the same location 
because any magnetic field change would affect both components by the same factor. 
Consequently, the ratio is substantially immune to fluctuation in the strength of the 
magnetic field source. 

[0025] Figures 4a - 4c illustrate a method and system for displacement measurement 
according to one embodiment of the invention. In a method for displacement 
measurement of the invention, a magnetic field source (10) is moved relative to a 
magnetic sensor (12), as shown in Figures 4a, 4b, and 4c. Using a correlation function 
shown in Figure 3a or Figure 3b, the magnitudes of the magnetic field detected by the 
magnetic senor (1 2) in various configurations shown in Figures 4a - 4c can then be 
used to determine the magnitude of displacement of the magnetic field source (1 0). 

[0026] The magnet source (1 0) can be any type of magnetic field source, such as, a 

permanent magnet or a magnet based on electric induction phenomena. The magnetic 
sensor (1 2) can be any type of sensor for measuring magnetic fields. An example of a 
magnetic sensor (1 2) is a magnetoresistive (MR) sensor. An MR sensor detects 
magnetic fields by resistance changes of a magnetoresistive element. The magnitudes 
of the signals detected by an MR sensor depend on the magnitudes and directions of 
magnetic flux reaching the sensor. One type of MR sensor is made of a nickel-iron 
thin film deposited on a silicon wafer and patterned as a Wheatstone bridge. This type 

of MR sensor has a field sensing range of about 

+ 

2 gauss with low hysteresis and a high degree of linearity. 

[0027] 

The displacement measuring system shown in Figure 4 is based on measuring 

magnitudes of at least one component of the magnetic field (e.g., B or B ). In 

x y 

accordance with this embodiment, a magnetic sensor (1 2) measures at least one 
component (e.g., B ) of a magnetic field at two or more locations. The measured 

y 
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magnitudes of the magnetic field component together with the linear function shown 
in Figure 3b can provide the locations of the magnetic sensor (12) on the x coordinate 
with respect to the magnet source (1 0). Similarly, it is possible to determine the 
location of the magnetic field source (1 0) with respect to the magnetic sensor (1 2) if 
the magnetic field source is moved along the x coordinate. 

[0028] Figure 5 shows another embodiment of the invention that includes an additional 

magnetic sensor (16) for measuring an external magnetic field not produced by the 

magnetic field source (1 0). The additional magnetic sensor (1 6) is located at a 

distance such that it is substantially unaffected by the magnetic field produced by the 

magnetic field source (10) in its sensing direction. Note that the additional magnetic 

sensor (1 6) does not have to be outside of the influence of the magnetic field source 

(1 0) per se. Instead, it is only necessary that in the sensing direction (e.g., B ^ , B , or 

B ) of the additional magnetic sensor (1 6), the influence of the magnetic field source 
z 

(10) is substantially negligible. The external magnetic field (20) can be, for example, 
the earth"s magnetic field or any other magnetic fields such as a secondary magnetic 
field induced by the eddy currents that result from the magnetic field source (1 0) in 
earth formations. The measurements made by the magnetic sensor (12) include the 
magnetic field from the external magnetic field (20). Therefore, the magnitudes of B 
measurements shown in Figure 3b include the external magnetic field (20). 
Subtracting the external magnetic field (20) detected by the magnetic sensor (1 6) 
the measurements made by the magnetic sensor (1 2) will produce a measurement 
solely due to the magnetic field source (1 0). 

[0029] Figure 6 shows another embodiment of the invention that includes a magnetic 

field source (1 0), a first magnetic sensor (12), and a second magnetic sensor (1 8). The 
second magnetic sensor (1 8) is located at a known distance D from the first magnetic 
sensor (1 2). The arrangement shown in Figure 6 provides at two separate locations 
the magnitudes of at least one magnetic field component. As stated above, 
measurements of the magnetic field component, for example B , at two locations 
separated by a known distance may be used to construct a correlation function as 
shown in Figure 3b. Therefore, the embodiment, as shown in Figure 6, makes it 
possible to correct the measurements made by the first magnetic sensor (1 2) and the 
second magnetic sensor (1 8), if the magnetic field from the magnetic field source (10) 
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changes. 

[0030] In case that the relationship between the magnitude of the B ^ component and the 

x coordinate is non-linear, it will be necessary to measure more than two points in 
order to define their relationship. In this case, according to one embodiment of the 
invention, more than two magnetic sensors may be provided at different locations in 
order to correct the measurement, when the magnetic field from the magnetic field 
source (1 0) changes. 

[0031] Moreover, a third magnetic sensor (1 6) may be added to the embodiment as 

shown in figure 6 in order to account for any external magnetic field not produced by 
the magnetic field source (10). 

[0032] Figure 7 shows an embodiment of the invention having a first magnetic sensor 
(1 2), a second magnetic sensor (1 6), and a third magnetic sensor (1 8). According to 
this embodiment, the displacement of either the magnetic field source (1 0) or the 
magnetic sensors may be measured. For example, displacement of the magnetic field 
source (1 0) may be measured with the magnetic sensors (1 2, 1 6, 1 8) fixed. In another 
embodiment of the invention, the magnetic field source (10) is fixed, and the 
magnetic sensors (12, 16, 18) are moved relative to the magnetic field source (1 0). 

[0033] Moreover, one embodiment of the invention includes an apparatus for measuring 
the dimensions of a hole, as shown in Figure 8. For example, a dimension that can be 
measured is the radius of the hole. The apparatus includes, for example, a support 
member (22) having one or more arms (24). The arms (24) can be, for example, bow- 
spring members (26) which are forced against the sidewall (28) of the hole. One end 
(30) of each bow-spring member is attached to the support member (22), while the 
other end (32) is attached to the magnetic field source (34) that is movably attached 
to the support member (22). As shown in Figure 8, the arm (24) will change its 
curvature depending on the radius of the hole. The change in curvature will displace 
the magnetic field source (34). Such displacement will be measured by the first 
magnetic sensor (36) and the second magnetic sensor (38). The change of the 
curvature of the arm can be derived from the magnitude of the magnetic field source 
(34) displacement. The radius (r) of the hole is then determined from the curvature of 
the arm. 
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[0034] Embodiments of the invention measure the relative displacement between the 

magnetic field source and the magnetic sensors. Such measurements may be 
accomplished with either the magnetic field source or the magnetic sensors fixed in 
position. Thus, according to another embodiment of the invention, the first magnetic 
sensor (36) and the second magnetic sensor (38) are fixed to the arm (24) and 
moveably attached to the support member (22), while the magnetic field source (34) is 
fixed to the support member (22). 

[0035] Moreover, an apparatus according to embodiments of the invention may include 
more than one arm. For example, a plurality of arms (24), each having an attached 
magnetic field source (34), may be attached to the support member (22). figure 9 
shows one such embodiment with two arms (24) and two magnetic field sources (34) 
arranged in orthogonal directions. The orthogonal arrangement of the magnetic field 
sources minimizes interferences between the two fields. In this particular 
arrangement, the first sensor (36), the second sensor (38), and the third sensor (40) 
are each a dual function sensor capable of sensing two orthogonal components of the 
magnetic fields. Alternatively, two independent sets of sensors may be used to 
measure each magnetic field independently. 

[0036] Figure 1 0 shows a borehole (40) penetrating an earth formation (42). A downhole 

tool (44) is lowered into the borehole (40). The downhole tool (44) may be a wireline 
tool or a logging or measuring-while-drilling tool. The downhole tool (44) includes a 
displacement measurement system of the invention. In accordance with one 
embodiment of the invention, a first magnetic sensor (50), a second magnetic sensor 
(52), and a third magnetic sensor (48) are located inside the downhole tool housing 
(46) and the magnetic field source (54) is placed outside the housing (46). The 
magnetic field source (54) is moveably attached to the housing (46) through couplings 
(56). Also, the magnetic field source (54) may be placed within an enclosure (58) to 
avoid direct contact with the downhole fluids. The magnetic field source (54) is 
attached to one end (62) of the arm (60), while the other end (64) of the arm (60) is 
attached to the housing (46). As stated above, the radius (r) of the borehole is 
determined through the geometric relations that exist between the radius of borehole, 
the curvature of the arm (60), and the magnetic field source (54) displacement. In 
another embodiment of the invention, the magnetic field source (54) is located inside 
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the housing (44) and the magnetic sensors (48, 50, 52) are placed outside the 
housing. 

[0037] Figure 10 shows a total of three magnetic sensors (48, 50, 52). The third magnetic 
sensor (48) measures any external magnetic field not produced by the magnetic field 
source (10) and, therefore, is useful when there are external magnetic fields, such as 
the earth magnetic field. In downhole tools, the magnetic sensor (48) is important 
because the tool orientation is unknown. As a result, the specific component (e.g., B 

) of the earth magnetic field is unknown. In the absence of an external magnetic 
field, magnetic sensor (48) may be omitted. 

[0038] The downhole tool shown in figure 10 includes the first magnetic sensor (50) and 
the second magnetic sensor (52) for measuring the magnetic field of the magnetic 
field source (54). The presence of the first and second magnetic sensors (50, 52) 
makes it possible to compensate for any changes in the magnetic field strength due 
to, for example, temperature and/or pressure variations. If the magnetic field strength 
of the magnetic field source (54) remains constant, a single magnetic sensor will 
suffice. 

[0039] Referring again to Figure 10, the electronic circuitry and a power supply (66) 

provide the required electric energy to the magnetic sensors (48, 50, 52) and also can 
store or forward the magnetic sensors" measurements to the processing station. The 
processing station includes hardware and software to process the measured data in 
order to provide the borehole's radius. Data communication between the downhole 
sensor and the processing station can be accomplished using any of the well-known 
telemetry techniques. Alternatively, acquired data may be stored in memory downhole 
for later processing if desired. 

[0040] | t wi || be a pp arent to those of ordinary skill in the art having the benefit of this 
disclosure that the invention may be implemented by programming one or more 
suitable general-purpose computers having appropriate hardware. The programming 
may be accomplished through the use of one or more program storage devices 
readable by the computer processor and encoding one or more programs of 
instructions executable by the computer for performing the operations described 
above. The precise forms of the program storage device and of the encoding of 
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instructions are immaterial here. 

[0041] The displacement measurement systems of the invention have several advantages. 
For example, by selecting a proper geometry of the magnetic field source and/or its 
magnetic field strength as well as the locations of the magnetic sensors relative to the 
magnetic field source, the spacing between the magnetic field source and the 
magnetic sensors can be adjusted such that it is greater than the thickness of the 
housing wall of the tool. Then, the magnetic field source may be placed outside the 
tool housing and the magnetic sensors inside the housing, or vice versa, without any 
connection between the magnetic field source and magnetic sensors. This will 
eliminate the need for a pressure bulkhead connector, a pressure compensation 
system, and sealing components, which are required in prior art devices. 

[0042] For the purposes of this specification it will be clearly understood that the word 
"comprising" means "including but not limited to", and that the word "comprises" has 
a corresponding meaning. 

[0043] While the invention has been described with respect to a limited number of 
embodiments, those skilled in the art, having the benefit of this disclosure, will 
appreciate that other embodiments can be devised which do not depart from the 
scope of the invention as disclosed herein. For example, embodiments of the 
invention having two sensors may be implemented with two sensors at the same 
location but in orthogonal directions or with a single sensor having two coils oriented 
in orthogonal directions. 
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